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TECHNICAL REPORT R-38

THE THEORY OF DIFFUSION IN STRAINED SYSTEMS'

By ],(_UIn A. (',tRIVAI,Cl)and tlUBl.:wr tl. GI_]MEs

S UM M ARY

lh_c,t.._'_ the curr_q_t th+or!/ .f ,_.l;4-,_'ta/e ,/i.{fu,_i,,J_

;,_' limited l. un._'h'ail_d cr!l,_4aI,_ _tt.I _vzt/.ot hr

_tpplied rradily h, ._lmti.ed ,_'_./,_'h'm,_',F;ck'._.fir,_'t a.d

._ec..d lau',_' were 9c.erali=ed I. inch.h_ lh_ t._cl,_" ,f

xtrain on, lh,e diffu,_bm r.leu. The _..h.m.gc_m, il!/

_nh'.duced hH. lh__ ah.n;c ,junq_ .h'eq_.'+_C/l b?/..'traiv

.'a._ fmtmt t. c.nh';buh_ ,_h'_ti.-d_7_e.de.t lerm,_ t. th+'
,'/_._;'t,',';o,'_equalion,_" ire mhliliot_ to the termx contain-

it� 9 the co.c_,n/ralhm _.lradieJd.

/_)'.m _r c,m,_ht_rath,. ,,.I"11.' _:.hr_c/..f ..'h'_t;. .. the

l)'cc m/_r9! I .f actir.lhm, it ca. t.. ,_h..'. thai for

,_';mph' xh'a/m_', ,_'uch, a,_ /h.,_'c re,_'./t;. 9 fr.m c.m-

pr_,_xi.n, ten,_iot_, ,_h_'ar, .lid ]tgdrtmltll;c pre_._.s'tzrr',

/he d/:[f.,_';., cm:[fi('h'.t i,_"an _wp.ne.t;al .(um'/hm _L/'
lhu httti('e parame4er. .|n _._:_tminttli.n Vf/hu _tmtil-

uhh' ¢.cprrimc.htl _htht for the r.rialh,n ,.I' d_r.,_io.

c.Cfich'nl,_ .';th i.'_,_',_'.r_ c.uh'rn._' lh;,_ lh_.rHh'al

prcdic!h,..

77 : thc.r!l pmx¢ td_,d hrm_i. ,_hth,. lb./ lh_ m.g.i-

Imh' ..I" lh,u r¢tr;athm ¢,.f th, ,I;{f.,.h,. c.(/_'ch'./ lF;thr

/_r_._,_llrt' d_'l.'nd._ .n the i.lcr.l.m;c ,/.rcr._' ,._" the

d(/f.,_';tlg at.m tm,'_'., .!'r,m ;t,_'eq.il;briu.t im,_'it;o.
1. lh_ act;rahq/ po,_,;l;.+_. ()+_ lh+, ba,_';,_, .f lhi,_

lh,e.rg, a ]tara meh_r depending ,upo. lhe ;.teral.m ic

t).'<'ex ctta he computed from tl_e e,rperimenl<t/ data.

I. dl cexc,_' ;. _,e,.ligated , the m(tg+liturle,_ qf th &"param-

eter u'ere [t_ agreeme.t _l'ith the kno,_n c/tar_tcler-

;,.lie,, of /he i.terat.mic p.ten,tial-energ!t .fu_c/i,_._

.f the ._!l._tem._'.
7'h,e effect ¢_.fphtsth'.fl.,, m_, tat. diffu,_bm ratt_ _m_._'

alm_ ._'tudied b!t co.._'ideri_9 th_ rate at .,hieh raca.-

cZe,_'are pro.luted b!t ¢ti._'locnlio. motion a_d the tale

_tt which, racancie,_' c.nde.._e <z/ inh.m.ge_eilie,_" i.

lh_ cr!l,,[¢ll. The re.,ult_n 9 equalh,_l,_ ]>redicl that

.[.r a cacanc!t ..<'ha_i,_'m th_ d_:tfu,_'i._ cm:tficie.l
s_+'ie,_ lh_carl 9 u_ith, the xtrai, r<tte. Th, i,s"<'..cht,_.i.n

;,_ ;. ¢tgreemetd u.ilh e,,:perimen/.

INTRODUCTION

The lheu|'v of diffusi<m in soil,Is has t)eeu the

sul>jeci, of a vrenl _h'al of i_wesligalion in I'eCet+l

years, aml satisfa<'ltwv lhcorelical rot,dr,Is lm\t,

]teen cunslrucled thai ath,gualely describe the

hasic diffusion processes iu mauv simph_ st>litls.
Preseul llletwies, })owcver, are li|l)iled I. m_sl rai_wd

crvslMs amI are m_l sl riclly "q)plicMde lo st railw(l

systems. ,Since the diffusio, r, le is delc|'min(,d

by lhe e|u,r_'y of illteracti(m betwee_l tim difl'usinv
atom uIM 1he crysla| ht/tice, _mll sim'e {his p_mr,_..y

depemls ou the iHleralonlic dista|lces, it is 1o be

('Xl)eCle([ lhal [he diffusion coefficiel_ls will l>e

a]lcretl by a slraiu superiml)Ose(l oll the crystal.

Some experinwI_lal evidcm'e is _ivai[alde that i_uli-
cules l}ml elaslic slrai]_ ca]_ incrcasc tlm self-

tlifl'usiml ct>ellh'ienl l_v as much as a I'a('t(>v .f

(tel'. I) n]HI tlml l)lnslic slrai]l call i1_('reasc ll_e
self-dill'l,si(m coe[licie_l I_V au .r_h,r of rim milmh,

(rcfs. 2 aim :';). Als., il is well I,:mw,_l lhal hy_lr.-

slatic pressure decrcnses lira dill'ushm cuctlicie]l(;

il) fact, "l pv'essurt, of 750(I al_noSF, he]'es is suflicieat
l o lower thp self-dilfusioll cm,[licie|lt of sodium hv

•In order of tna_aitude _ll 90 ° (' (ref. 4>.
If lhe cryslal is slrai|u,d ill a mmhomogeueous

/n;inlwr, atl<flll,:'r fll<'lor ]_t,(.(_ll_(,sopt,ra|ivt, ill m]([i-

1i(>1l lo lhose llllll (!t)l]ll'O[ lilt' (']lllllg(' ill flit! dill'u-

sitm coefficient. A<'cordin,_ (o lhc []worv of irre-

versibh, l>rocesses (ref. 5), every lherm<_dvmmfic
flux is l>roporlio|m[ It> every lhermotlym|mic force,

so lha! lhe diffusi., flux is uol o.]y p|'oporliomd

lo lilt, ccmce]llralio]l u,'radh,uls, t>ul is also l)ropof

liomd io lhe slraiu gradie|lis in lilt, crystal. Thus,

'nol only is lhe m:lKldtmh' of lhe dill'usiml coef-

ficieul cha|l/ed by a _em, ralized slraiu, lml lhe
lmsic ch,_racler of lhe ditt'usio_) equatious is also

chnn/ed.
V,ecause <,f tilt, ilnl>oVl:ltH _'(_ll, playe(l 1,x" ditt'u-

t Slll_erse/h,_ N AC A Te<'hnicM Note 410,_ tt¥ L(,llis A. (|irif:_]l'o :u_iI ]lnberl II, Grimes, 1!t:8.



+_ TECHNICAL I+,.EP()I+:I ' R 3S -NATIONAl, AEI+.ONAUTL(_S AND SPACE ADMINISTP,.ATION

_i()n I)ro<'esses in nnmv solid-stllle ph('nonl(,na su<'h

Its oxi(hltion, the annealing (if radiation damage,

('reep, lm(t rtq)Ittre, and in view of ihe will(, varlet v
of tq)l)lit,a, ii<ms in whi<,h matt, rials are under strain,

a thorough tmd(,rsianding of I t., t,fl't><!ls of strain

ou dfll'usion is highly dt,siral)h,.

In this report the lh(,ory <)f diffusi<ln in straint,_l

s v._t(,ms is <h,velol)<,d from the point <)f view <if

moh,('tflnr kin(qi<'m, I lw ftan<tanwntal 1)hysi(,al fit<'-

t.rs involve<t are dis(:usse(I, and tit(, n,sultin_

theory is (,Oml(a, red with existing ('xt)('rim(,ulid
dllta.

BASIC EQUATIONS OF DIFFUSION THEORY

(h,m,ralizaiions of Fi<,k's first and s<,t,ottd laws

art, ol)taim,d for tit(, diffusion of a single Sl)et'i<,s

in it ,,r.vst.llin(, hnii(,e by a modifi(.ation of th(,

met hod of e(m<tit iom|,l transition ])rol)abiliiies (ref.
(it. Th(' diffusion equations ,r<, .xpressed in t(wms

of atomi(' jura I) fi'e(lUetwit,s wilh<mt the usual

(.on(tit ion that lht, jmn 1) fre(ttwn('y is independent

of i)osiiion, in this fo,'m, tit(. e<ltNtiions (+an (,asily

I., applied to it stntin(,d hllti<'e.
)

('onsider a vohmw eh,nw.t <It in the (,ryslal

('entered itbotlt tit(, pohll deline<l, l)y the l)osilion
'b

',+eq'tur r. The nnniber t_f Imrth'h,s of tht, difl'u_ing

:lit,t'ie: <'oiitltint,d in <|r is _'i\+(+ll ILv ,\+(,",/)(It, where

A'C/,t) is the _'_mvt,zltn'lltion (,f dill'usit+g spe('ies ill
_+

the l+osithm r In+d tittle/. In general, ih.t' tluml)t,r
+.

(iF ts,+tt'lh'h's hi the voltHne t'len(elH dr is nt)t ('tit+-

stln|t, lle('atise imrii(.h,s+n't' ('()tlti,lually juml)ing

out .f fir while tither l)ln'tit'h's Itl'(, juml)ing inl<+
)

dr from adja(.t,nt i)orti<)ns t)f the <'rystal. The

nltt' at whir41 N(r,t) ('hanges Iis ,t rt,sult t)f these

Ivv(+ l)rot't+mses <'an I)e ('ah'tfll|tt+d +is follows: if

A(r,r',t)dr' (It is tit(' ('<)m[iii(mal l)robal)ility tit.! an
)

atom in the v<)lume eh, ment, dr junil)S to the

vohmw t,h, ment tb" during limt, tlt, then the nun(-

I)er <)f i)arti_.h,s tint( jump from (b' to dr' in time

(It is given t)y

N(r, t)A(r,r', t)drdr' dt (1)

anti the total number t)f l)arti(,les th.t jump out of

dr during time tit is ol)tlfined 1)y integrating overall

tlr'; that is,

I # #N (,',t)drdt V(r,t)tlrdt +ACr, r,t)dr (2)
Jr'

• )

where V (rt is the ('lilt, tit which Imrti('les leave
. +.

the volume t,lenwnt dr.

Simi]arly, t ht_ mmd_er of Imrti<'h,s th.t jump
-_* ).

from dr' to (It during tiTnt, (It is given liy

N(r', t)A(r', r, t) <h'dr' dt (3)

and th,' total nutnl)er of parli(.les lhal jllni[) illt_o
-+.

dr fron, other l+,rts .f the crystal is given I)y

..... j7 ' .....N_Cr, t)drdt drdt ,A'(r 't)A(r"r't)dr' (4)

where N+(r,t) is the rate tit which particles enter
>

lhe eh,tnent dr. The net rate of in('rease of
>

N(r,t) is t)l)taim>d I)y subtra(.ting equation (2)
frost( e<lu.tion (4):

O'\r [ > ' , _ ,
=-d+ N(r', t)A(r ,r, t) dr'

N(r,t) ,+A(r,r',t)dr' (5)

At ills l>()int it is <',hiVe(lit, n(i<) t'xl)ress e(luati(_n

(5) in I('rm,_ of tht, .it,m I) distant't, (r'--r) l)y per-
fiwntin_." it tran:-d't)rnmtion of varial)lt+s so thai

.Y r'--r (6)

In terr is t)f the jura 1) vet.(or .V, equation (5)
I )(_(+()I|l (_-_

0t ::: .A(r+A't)ACr+'X_,r t)(lA

) #+ . ) J+ -_ -.+

--N(r,t) J_ A(r,r4 A',tJdA" (7)

The :mtclion A(r+ A',r,t) is the t)rol)ability fre-

(lu('nt'y thai, a l)artit'h, at r-+ X will jump it) r;

.rid if _lit,ve(,ttw :_" wouh[ (llwa.vs t twminnte at l_

point: t,itat, is capable of a<'t,ommodating the dif-

fusing parti('le, A wouht e(lua| the atomic jump
frcquetwy. There are (roses, however, su(.h as in

diffusion by lhe va('.nt'y tne(+hanism, in which the

[ot'illintls of .+_" (!iiilllOt, ltlwll,VS tl('l_OllllllOtlil, l,t; [iho
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THEORY OF I)[FFUSION IN STR,AINED SYSTEMS 3

mi_,'rating particle. The .ira)q) fr(,qu(m('y mus¢
then be multil)lied I)y 1he prot)al)ilily that a

vacant sit(' exists at the eml ()t' the a(omic jump.
', >

Theref(we, if I'(r,X) is ihe atom|(' jmnt) frequen(.y

with jump ve(.lor .V and n(r,t)is the l)rol)al)ilily
)

l[m( a sit(' al r is va('anl (i.e., il ('an a('('el)i lhe
juml)in_" 1)arti('h'). lho.,

Ai.rt x rl) - 1'(/t A',--A't.(r,I) (s)

A(r,,,'-_ .V,I) l'(r,.V)_dr ! .V,¢t

l( will now I)e )lssum(,(| (hal the fim('Ii(ms NF

aim , van ])(, (,xl)resaed as a ']'ayJ('w exlmnsion in
> )

powers of X, al)oul the l)oinl r, i'(,tainin_ only the

firstthree terms of 1he expansi(m, lh(refore.

.,'V(r X,,l)l',(r k,:) _ N(r,t)F,(r)

_ltl(t

--hi.VAT,+ 2 (X,.7')eNI ',

_. _. -4. _ l _'

13)

5,uhstitulinff eq(tali(m (Sl in(o equali(m (7) and

arl)ilrarily rel)hwing A7 v<ilh l he e(imdly valid
)

negative al'gtlm(,nl --.V in Ihe firsl inlegral of

equation (7) give

bA • _ .....
• =,(r t) [ _N(r-x,t I'(r-A',.V)dX

c)t ' d>:

i\r(r, llJ_ l'(r,.V)n(r t X,/)d.V (,q)

In ('ryslallinc stdids, 1' is zero for all .imnl)

veclors vx('et)l for a small number of .V's, which

may I)e dem)l(,d by X," 1' may lhon tw expressed as
a della t'unciion:

i,(r,.V)==_?__ 1', r)5 .\" -h,) (10).;-1

where a is the total number of possil)le juml)S a
)

I)arti('le can make <m( of its 1)ositi(m at r. The
)

set <)f possil)h, jura 1) ve('l(u's X, and the, vahle of a

are (tetermitled by lhe (*ryslal stru('ture of the

lattice. Substituting e(ltmtion (10) into equal ion

(9) and making use of the 1)rol)erties of the della
function yield

_; =n(r,t) _ A (r--X,t) F(r--X)5(X--X,)dX
_t dX i=1

--N(r,t _,F_(r)6(X--X )n(r+X t)dX
• ." i=1

=,,(r, t)22N(r--X, t) r, (r- x,)
i=1

-- N(r,t) _,F _(r)_(r ÷ Xfl) (11)
i=1

The deriva.l.iv'es are (,valuated nl lhe point, r.

]_](lll_)tiol) (11) 1)ow va))1)(' wrilten ,)s

0:V > ' _ .....
t =n(r,/ -_ ' 'b ) N(r,t) l',(r)--.Cr,t) __,X,.vA'[ ,

i=1 i=I

+, n(/,l) _ (Xi.V')2.\-I '
- i 1

--n(r,l) N(r,t)_l'_(r)- N(r,/ _l'_(r)X,.V,
i 1 i=1

--6 N(r,/)' _ l'_(r)(X,.V)_n (14)
- i-1

IH'

}+:)1 [.(k_-V."NI', .\'l',(X,.V)e.] (15)

E(im_lio_ (,15) i_ a gemwalizatio,) of b'iek's

se('(m(l law atnl is valid f-r any system r(,gar(lh,ss
)

of the nature of X_ or of the (.oordinal.e syslcm

('|rosen. Also, if the strain is homo_'(,neous,

VV,=0. Witl_ these restri('tions, equation 115)
l'e([ H(',OS i,O

bN I ' '

i=1 "

--6N(r,t) _'. l',(k,.V)_. (16)

)

The posiiion ve(qor r in equation 116) is n, ferre(I
to an arl)itrary (.oordinate sysiem. It is always

possible 1,o find a transformation of ('oordim_tes so

that the i)osilion vet(or is referred (,o the l)rincipM
axes of diffusion in which mixed (lerivatives, su('h

_s b_.V/b.r, b!l, vanish.
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[11 tliis vas(',

,, ( L,,, )0,Y I_/,t) 0qV , 0"i , _02!\....

" ( 0_', ., O'/, . _ 02,_,\'(;,,t) r, 0?f+x. 0; i
(17)

where X,_, X_ nml X,: lire the (u)n)l)on(,nls of ;_;.

The com'dinates arc now rcf(,rred to i,hc prim'ilm]

ax(,s of (liffusion.

SilI(:(, Fi('k's first Itll(I Sl,l!Olld laws al'(, (:Ollll(,('.llql

liv fin, ellUli.lion of (ainlinui(3- ,

0N
-at =--V. J,v (iS)

where ,Iv is the thlx of Sl)et.ies :\:, Fit'k's tii'sl, lii.w

(qilTO,"_l)lill(lilig tO tile slq'olld ]lIW giVOli l)3-(,quiition

(17) is

- /_(#',l) " I X" 0,V, N(#',t) • 'x 0#_

-- 7=1 Cl,#' - f=l /
7-- _m',/) ___ ..... O,V. ,V(r,t) " , ., 0_1

I,AL. 0!/-I- 2 _, I ,XT_ 0!If°'V--- 0 i=1 i=l

-) } /

(19)

-)

wheli, ,]z, Ju, liilll J. lire lh(, (!()li)t)oni,nls (if ,],v.

The i)llysiviil signiti('llnve of lh(' lh(,or(,ii(.tl[

deVl'|O|)iilelil il I) lit ltlis t)()ilii ('lili ])(, se('ll lii()sl

i'lelirl3' I) 3" II ('()llSi(I('i'lilil)ii (if (,(tulllil)n (14). ill

fhe IlSlllil (,xi)i'(,sSiOli for Fic'k's st'('lili(I hiw ill IIIi-

strllhled s3"slolns , liH lel'nis (,x('epl lhost, inv()lving'

the s(,('ond derivalive (if A' ill'/' Z('l'O. The olher

{erins iippeiil' ill e(llllitioli (14), Ii()wovi,l', I)e('liliSl, il

wils il()l tiSSlllliOlt in till, ])l'(,._elll dev(,l(ipnlenl, lhlll

I'_ lt.nd 1l IIl'(' iil(l['pl'll(lellt of posili()n. The Sl'('ond

[(Will (lOOS llO| StlIII to z('ro sin('(,, ill gi'll('l'lli, it is
)

not compos(,d (if ternis aniis.vnnn(,iri(, in X,. Fur-

thernlore, since 1'_ and I_ are fun('tions of I)osition,

they must lie rciained in (tie diff(,relltill.l Ol)era(ors,

llil(t terms dvpendeni on ill(, first luid s(.('(ind (h,riv-

atives (if F_ and .#_ al)pear in (,qua(ion (14).

In the case of a unifornl homogeneous strain,

equation (14) redu('es io equation (17)• If (hi,

gradient of n is zero, equalion (,17) tiecomes (,quiv-

aleni to Fick's second law. In (his simph, case,

i( is nlc('SSlll')' ()ii].v ill ('lil('liinl(' (lie i'ff('('l of lln'

h(iin(ig(qieOllS sll'liili Oil 1'_ lili(I _ in order (o

Sl)i'('if 3" lhe ['ffe('l (if Sll'liill i)ll diffusion. Tlu, (,ft'e('i

ill' sll'llill I)ll the jllllli) fl'l,(lll(,lll'.v Villi Ill' illllll3'z(,ll

in I(,l'liis i)f rill(, Ihe(ir3. This illilil3sis is prl,sl,nle(I

in lhe f(ili(iv<hig si,vlion. Th(, (,|t'(,('l of slriiin Oil 1t.

is (lOlielidelil Uli()n lh(, ditl'li'_i()n ino('hlini.,qn. For

inl(,rslilill] ditt'usioii, #_ 1 l)l'ovid(,d lhill ilu, ('till-

('('lill'llli()ii (if ilil(Tslililiis i_ low llll(I ltllil striliiis

l[() il()l all'e('l lilis vnluo. For (liffusi(in I)y II

Vtl('llll('/ Ill(q_liilliiSill_ ]H)W(,V(q'_ #_. is l.tie Vll('tl.lle3 _

I'l)n('untl'lilioli lliid will viir 3" with slrliiii. Aii

llinii)sis (if lhis vllritll ion is ])r(,s(,nll,d ill lh(, s(,('l ioli

I)EI'ENI)EN(_E OF VACANCY (,()N(!EN-
TRATION ON STRAIN.

DEPENDENCE OF JUMP FREQUENCY ON STRAIN

A(woi'(ling to tile silitisti('ai th('ory of rltle lirov-

pssl,s, lhe junl I) fl'l'(lllOll('v is di,lt,rnlin[,d I)y lln,

i'nlio ()' lw() ('Ollfi_'lirlili()llnl l)lil'lilion filn('liolis,

i)iio I'i'f, Ti'ill_" 1() lhe livlivnl(,d Sllll(' li.lld ihe ()lill,l'

r(,f(,l'rhl,_ 1o lhe ilornilil sllile. Ill nniilyzing lh(,

(,[l'e('l o_' sli'llin ()li itn, jlllil I) fl'(,(llllqi(,.v , ih(, f(il'lllll-

hilil)n (if lhe I'lill' I)rOl'l,SS lhl,orv in s()li(Is givt,il ill

r(,f(,reliVl, 7 is its(ql ill whii'h ill(, julnl) fre(tuen(..v is

given t)v

i'_'.rp( ¢,,',4,7' (1_:( a.77_,.-, o )
1' t, 2_ / i" (2())

J, ,'.,p ( _/',{' T)

where ], is ]l()liznialili'S ('o11.--4|11111, "/' is the t(,llllii,i'il-

ilirl,, lili(I (p is (lie l)oliuililil t'lil'rgv of liil' svsli,ln

ilS II fln('ti(nl of all ihe (u)ordinales (if all lii(,

ill.()lllS ill llie ('ryslill. Tim int('gl'lil in l he lill-

ilieriilOl (if e(lilatilili (20) is eVilililile(10Vel' it h3"i)or-

Slll'fi!A'e o- hi (lie t'(iliflglll'illi(lll siiil.('(, so lhal lli(,

slirfil('e plisses lhroilgh flu, poini (!orresi)i)ndin K

i() lhe ({ifl'u,_ing iil.oin ill ils li('livllled i)o,_ili()n

witil all ot.iler lllOlll.,:, ill, th(,ir e(luilil)rhlnl position.

Th(' hy!ll'rstlrfa('l, is also r(,(luir(,(l to l)c pl'l'p('ll(li(',-

uhlr Io ('on(ours of co)isi,an( potenlial (,m,rgy in

t.til, ('ol figurilli(ili sl)tl.('(,. The hypersurfa(,(, ill'-

fined ii this niiiainer (livi(h,s file (.onlil_uralion

slilit'e il 1() two S.vlnnllqril, i)lu'ls. The inl(,gl'itl ill

llle den inihiator is i,vii|ulile(I ()VOl' tiu, (.onliKlirli-

lion vo iilllii _ of ()lie of ihese syninl(,ii'i(, l)arls.

Equal,ion (20) wits d(q'ived for ihe ('tise iif all

unslraii_ed cryslal, t{()wiwer, ii is al)pli(.abh, io

slrahio(I (Tyst,als if file polentiltl (,li(,l'g)" ¢ i_ lak(,n

lo lie It fun('tion (if thi, six st.rain ('olnponenls
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_,_ ns well as 1he _ttomir (.oordinales qi. A simih_r

pro('edur(, has been used in r(ff,wen('e 8 in an

,malysis of tilt, st_llistical met.hnni(.s of erysl.al

hH.tiees. Thus, t hi, potential energy in ettuatioll

(20) is given I)v

: _(,t,, ,._) (2_)

vch('re q'e rel)resel'ts tit(' set of al]l atomic ('oorditmtes

and e._ l"epresenls the set of six independent, str_/in

components.

The potenti_d so ran t)(' eXl)_md(,d in a T_ylor
series ,'l})Otll; l[le llorlnal hlttiee eonIigur_ltion in

the m)stv._iz_etl studio to givo

• . q_ ,0 ,t_ , ,

wher(, q0 represents t.he set of at.omi(_ ('oor(lin'ttes

when all the atoms 4re in their mean positions

for the normal s_ate of the rryslal, and the double

zero subscript indicates that the dcrivatiw,s nre

ev_duated at thc point (q_,0).

If the i)ot(,ntial energy is eXl)ande([ al)out th(,

point. (q),0), where q_ repr(_sent.s the me'ul atomi('.

('oor(lin_tes when lhe system is in t.he n('.liv_tl(,(].
sl _lt(,. then

. 1: :,o ,.,a \._ +,o__"

%6

/
0 2

\

The suhs(q'il)t, _,0 indicates l.ha_t tim deriv_ativ(,_

ar(, evn.hmt(,d _ the point (_/),0).

_itaoe the i)oin! (q_,0) corresl)Onds to an ttn-

s/rained eryst_l with "tll _toms in _ mea, n posit, io.

so, that the crystal is al, the bol,t,om of a polent, i_d

woll, lho first, de_ivalives in eqtmt, io_ (22) vanish:

()(]jJO. O \.06-2 Jo, t)=0 (24)

The point, (q),0) _orresI)onds to _ saddle point,
with respect lo the _tonlie roordim_les if:, so that

51;{545 60 2

the ([eriv_.live of _ with /'(,sp(,t_L t,o qj also v_.ishes

_.L this 1)oint,. Ilowevor, (q_,O) is not, n, s:.hlle

point or a nfinintum I)oitH with respe(,t t¢_ lho

staains, and therefore lhe d(,riv_llive ;tt this ])()int_

wit,l_ respect l,() O/e strains (loe_ not vnnish:

( 0,__ ---=l)
bi:] ::,o 12_)

( a_' _) _o , '-'0)
_)_o_/.,0

Equations (22)and (233 thor(,foro l)e('()me

+xz ] ... (27)
L ,., # _.Oe.sOq:/o, o

_'/11(|

bso"
so

1 2

+ :,_.,e(-b_),b'so * oaq:._-t- . . . (28)

SubsliLuting equations (27) and (2S) into the
denonfimtt.or _u_d mml('r_tor ()f eqtmtion (20),

respec! ively, giv('s

F /kT\X/2c

o:so
(29)

'. - i (, _"so_ 7 d:'

where F, is the jump frequency in the str_fined

system ran[ where lhe fun(qiol_._ r.l(t) , .f_(q), f_n([

fo(q) are (h'fi.('(! I)y

_.l(t)_ :rap --""'_'-_(¢3,,,,_);,'"'_,,• ,,.t_ .

_ I F: o so)
3,6
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llI[([

2kT j,k . i, o6qfiqL. 1

illl(l

1
.fo(q} ea'PE--_T ¢(qj,O)

O._.t_ .
1 { -_ _ 6qflq_G (32}

--2kT _ \.Oq/)qk /o.o _1

Th(' fun('tions fI(q) Irn(lfo(q) are the l_ohzmann

t'twlol's of the potential energy expanded ab{)ut ill('

sa(hllc point of the activated state and about ill(,

luiiliniunt of t,tl(_ normal crystal. Th(wcfore, in (.h(_

ullstrain(,{I ('as(,, equal[oil (20)may t)e written [is

...... f'f:(q}_ia
• ( i:_]"a;

r,, _ ,_,_;: ¢ 7_ (:_:_)
Jo lol ql(l_

Tht,rt, f{.'{,, multil)lying and dividing equation

(2!)) 1)5" I'.,. the junlp fr{,{lU{,n(Lv in the unstrain{,d

ui'vsttll _iv('

Fs

(,'."p

P,,,q(_ ) /

(_.rp

F_ , >2, 6<s:<-
L t:7's,,,._ 'taU£6_::.,,J/.

i o"-_).o]/o

(34)

whlwe lhe siulislh'al mecJia.ni('al il.V(,l'_igl,_ Ill'i!

giVell ])y

..... 1 _ ( ()_,,.r_ )+,,]>:" L kT':.o._ '" ..a_Laq,

lllld

• 0,.>L:,,,.,,-.[-D. 0],,:
17,.,,,,o

(35

/

......:.rp
\

(30)

If th( ('Xl}onentials hi e(tul_lion (34} lir{, {,Xl}ande{]

8rid oii]v lhe fh'M_ two toriii_ in t,li.(.h eXl)iHlsion lil'O

i'{,l li i n{,, 1,

I" l',,g<_) 1 ..... !-_¢ _ {37}

1 k,l,s._, (_$q,)_.e<,_(i:)_<,_c)q_)oo

]h)w,,ver, in both the a(..tiviited and nornui[

sta.les, [lie iB'(,i'flge (lispla(.enient of lilt ltlOlii frolii

its ]ll(,fldl l)osilion is zero; thai. i_,

<_q,>,=<_q,>o=o

ll.n(t ('qimlioil (37) I'educ(': i{}

r- I',,g (_) (38)

If the quli.dl'llii(_ t{'i'liis in ilw Mrlihi hi {.quill[on

(3(i) lil'i_ neg|o(;led rehl.live Io ill(, lhielir lel'iil_;

sul)sliiul.ing e(lUli.li()n (31)) inh) e(tualion (34)

giv('_

{ _ "_+_o_t_.;r1 (:_<,t)r, ,',,,:.,.s,[- :_, 0,2 A.0

Equnl.ion (39) shows It[ill ihe junl 1} frequ(,liCV

has a silni)h, {,x[)oll(,llliil.[ (h,lien(lenc.{, Oil lhe

Sll'ltiil,_ l.lid tlui, L lhis det)cnden{Be is (!Olll.I'oile{I I)v

the d(,rivaliv(,s (if lh{, polonl hil (,lil,l'gy with i'esf)e(q

to lhe Mi'a.ins eva'llall,d Ill liie sliihlh, t}ohiL ()f

th(, li.eliv'iled sllilt,.

]_([llilt.lOll (.}9) _iV{'_ the g('ll('l'til rehiJion he-

tween !lie jnin I) fi'eqii(qi('y nnd lhe :h'li, in that

will 1}e u._{,(] in iliis l'el}{}l'l. If lilt, sli'llin ilUt.lrix

and Ill{ hil{!l'lrh)ini{_ f()l'(J{'s Ill'i, lcnown, [he otl'ecl

0[' lho slrMn Oil the jlinl]) fi'e(iil(,li('y (.Elil I)e

(BOIilI)I1 l,'d.

To iliusii'll.l.o lhe lili])]ietition of (,(llli/.li()li (3(,)),

ihreo Sl:,eoilll ea.sc<_ will lie ('()nsi(h,red:

(1 ] I nifoi'ni conliire_sion or exl}lin_ion ill whi(!h

_=- _. = _:: - _ (40)

(Jill olh,,r sirlfins:())

(2) S topic shear in which

(all oth( r strains--0)

(3) Si nl)le oil[sLit lension of (.oniprc,_sion in Ltio

x-directi_)li, hi which

(42)
!

_yy_'ZZ-- " --_t_L

whcro/_ is Poisson's ratio.
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For lhese three eases, (,(luaiiou (39) g'ives:

F()l" llllifol'lll (.onq)ressi[)n or ex[)ttllSiOll,

V :_ / 0_,"_ ]
l'_: 1',, c.rpI-- ,,- - - (43)

k k7 \o_A,,d

For simt)le shear,

-I
1'_ =v. _"PL k:r\o_d:,o_l 44)

For simple elaslie tens|oil or compression in Ihe

z-direction,

[___L{O_-.t-2"_L( b'p" ]] (45)e'"PL kT'\O_L/:,o-- kT b_,_,:,(

Since strong repulsiv(' forces come inl() play

as the diffusing atom moves to the 'wlivaled

position, the derivatives in equation (39) and

equations (43) to (45) are all m.gative. Thus,

negative strains, corresponding to a compression

of the ht_ti('e, decrease the jUlnl) frequency; and

positive strains, eorrest)onding io tin expansion
of the latiice, result in an iiwrease in the jmnp

frequency. This ('on('lusion is in 'u'eord witla

what is expeet('d on a simple l)hysi('al basis.

The pre(.eding equatio)Is are in a.gre(,nl(,)it with
the results of referen('e 9. ()n the basis of a simph"

me(tel, whi('h takes ilalo at'count only nearesl

neighbor interaction, the effe('l of internal strai)is

result.trig from iuIIturity a(onls (in the diffusion
coefficient was eOmlmted (ref. 9), and it was

found that the diffusion coefficient is an ('Xl)Om'il-
tia] flmetion of the st.rahl.

DEPENDENCE OF VACANCY CONCENTRATION ON

STRAIN

It was pointed out in the section BA,";I(! EQUA-
TIONS OF DIFFUSION TI[E()RY (lint the

quantity It, apl)eal"ing in the generalized Fi('k's

laws (eqs. (17) and (119)) has a different int('rl)re-
tat ion for different mechanisms of dill'us|oil. For

dilute interstitial (lilt'us|oil, /_,-I l)rovi(led th(,re

are no sources of ii_ierstitials, and V_.... 0whether

or not the syslem is strained. For ,lift'us;on by

_t V,_ICli|ICV IlleeilalliSltl, }lowevel') Ib is [}le alOlltie

fraction of vacancies in th(, ('rystal given t)v

n=NTi ' , (46)

_,V [l('l'e

/'l v VII, eli Item" (_Oll('(ql| Fa,[ ioII

-Vr total )lumber of tat(ice sites l)(,r co.

it is (heref(ive necessary t,o investigate the varia-

tion of *_ with strain.
The ('onceiltralion (if vacancies in a ('rys('tl at

equilibrimn is given I)y

,,_,-- N._, '_,"1' (--A(;,dkT) (471)

\V ] i el'e

#_,, vaenn('y e()ncenlrali(tn in tlw nl)set_e,e of

strain

A(;_, Gil)l)'s fr(,(, energy (if formal|tin of a vacancy

In a strained system, the free energy of fl)rma-

t,ion of a v./(.ancy mqy t)e (tifferent from thai in an

llligtl'ltille(l S?,'SIOIIt_ SO that, tile Va('.'l.liev (,olt('ellit'a-

lion deItends on the strain.
If the strains are constant in time, the vacancy

eoncentra|ion is also constant, in tinle. IIowever,

(hn'ing plastic deformation, va:caneies are l)ro-

duce(l a,t ii I'I)A,(, it|lit depends eli the strain rill(,

(ref. I()). The general e(luatiou for (he vacancy
(.o)i(,(,ntraiion is (,hell

,,_=-;_+ Nr _;,'p (-- AGUkT) (48)

W ]1el'e,

"_; UX('eSS l(v(!l'ag(_ eOll('(,lltl'alioll of vaeilllei('s

arising front the I)lastie strain

A(/_ Gil)b's free energy of fornm(i(>n of a vacan('v

in the strained system

The a mfl/sis in this section consists of two l)arls:

(1) the effect of statw sirqins on th(: ft'(,(' energy

of vacancy form't tion, and (2) the effe('t of t)lastie
itOW Oil '_z.

The I[ehnholLz fl'ee energy +1 of a lterfeet ervstal

is given I)y statistical nieehllnies |is

j/ ,,_,rp (.... . 1...f,_'7'---- . . . _.rp (--+o/U/') TT (tpfl q_
)=1

(49)

for It SVStOIll ()f .\" liarli('h's, wher(' ¢,)is lh(' ('lit'|'g3"

o[ the s3st('llt ('xl)r('ssed as a filli('|ioli of 1}1(, co=

ordinates q..i l/lit[ ltlOlllelltll, pj. FOF li ('l'ysial coil-

t,liining' it singh' Vil('liil(',v, (lie t[ehnh(illz free eiiel'gy

is given I)y

tj'e._/,'.. . _="c.,'p (--:1 kT':i= (- ¢,./l_:T) "_- (tit (lqj
j=l

(50)

where _0 and ¢,, are the energies of the svst(,ni ill

th(' perfect and inil)erfeel ei'vsllil,'-L resl)eeth'('ly.
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Therefore, since A(;=_.i I-I'AV, the Gibb's free

energy of vaca,wy fcwmntion is given t)v

__1' ¢-- l'.31",/kl'

_51)

w : rc,rp ( -- A(,,./k'l )

i j'.,7 ' s.v• '... (--_,.l'(l'/') _ dp_ ,1%

1' F _,x• . . c.rp (--¢,#d'/') 7-7- dp dq;
_: .. )= I.

_,V] IOl'O

I ) pI',PSSIII'O

AI"_ vohlllte change upon forJm/tion of a vaeaucy

if lhe phase inteffral is separaled into contiffu-

l'llliOll _lIltl JIIOIlHqI|UIII integrals, assulninff till,

_.lassical :talislh's of a ct'S:,lal vibrating wilh

nm'mal mode frequencies,equntion (51) he('ome_

t'c.,'pl :...':A!I" _lq TT (v.l:
(',l'])(

)

.:,.,p(I'.X1",:7:7'1 !52_

_l.'t'e (v.)/ [: lhe vihration frequency ()f lhe .:"
vibrational mode in life l)erfeci ('rystal, .rot (m,).J

i_ file frequency of the .'1" vibt'ntimml mode m

tile vl'yshll eonlaining' a vavam'y. The inteffral:

in eqmltiml (52) are for tile entire _.on[igut'atiml

_,pllce.

In :1 stvaint'd ct'vslal, Ilu' t'l've elmrg'y of vacancy

t'm'malion is _iven ILv ,n equalion amdogou: lo

e(inali(m (52):

['c._p( ¢L:lcI')dq V '_4_'):
( ,l"pl )

! J

:'<r.rp(- - I'A l "i":_':/'1 153 !

xxll,'v,' the index ._ vel'ers Io the straim',l Cl'Vstal.

.kll e:tim.le of the ell'eel ()i' slrain on the

vil)r, tion fveqm'twie_, c.n I.' _m_lp from

(_l'um,i_en's l'elalion (rel'. 1li

d I..

d In |-----'r' /.54_

"0, ] 1o 1",'

l" volume

posiliVe v()nslnnl

Int(,grati_tg equation (54) for each of the

vibr'_ti-md modes as 1,he crystal goes fi'om lhe

unslrairwd to t,he strained state yields

(.i;):/I aV'v"l

}- <55 )
(ps Ti,): 5I".) J

]L is,_vident thal (r_um"se _ s _l_limthads lo an

eqmdily of the l)roducls of frequency ratios in

the slraim,d aml unsh'ained ,";3"SIoIIIS, _0 l lml

cOllll)illillg t'qlllll,io11S (52) ill/d (5:_) gives

.,p E--_._ , I_G_-- _(;,, _)

.i'e.rp(--_:,,:]:T) dq _',.,rp( _,,:'1_"1')dq

l'(_;l'l)(--_._i;/_,r] ' (l(1.t'(_.l',)( ;v../lcrl ' ) (1(/

X,,.rp [--(1'_I:_ l'M',()/Ic'l'] (51i)

The volume diil'evenc'e (.Xl'_, _l';,)isgiv[,n by

(_XV_--_I',) :!I'_ 1_) (:1"_, -1")

_V]I('I'('

1" v();nnn' of l)m't'ect, tmst:',il.'d crystal
l'_ vo!qn_.e of lwvfecl, strained crvslnl

1", x_)lmnoof tnt_lraim,_l cryslal c_)nlainilt_' :_

Vll CIIJl(')"

l"_ vomm; of slraim.d vvyslal _'onlaining' a
"il (_I_ I [C V

]h.' _mall slrains, l he volume chal_ffe re_ulting'

from II e str.in shouhl be rehHiw'ly insentitive t,o
whelhe' or not llu. cryslul ('()nlai_s a va,'an('v.

Tlw vo tin.' _lifl','ven,'es (V::- I',)a_.l (V._--l') art,

1,t.,refo e very _..ar]v equal, and it is sltlticivntly

't('em'al , l- t_k(, the dilt'(,v(,n('(, (_XI:; -- _XI : ! equal

|t) Z(q'() s() that, the l)resstn'e-vohmn, terms (.,nlw

(lrOl)l)e_l front equation (5(;).

If th' l)()l(,_tial-(,m,rKv fulwli()ns _ an_[ _ are

n(_xv p:,l)amh'd in tt,rms of lhe mt'nins and tim

atmni(' _li_l)la('(,m('nts al)oul, the sel, of points

('ort'oSl),HHliHg' Io zero sll'aiHg i111(| 11101111 _ltolllic

posil_iohs in l he ]m]wrfect and ])prfecl cryslal,
resl)eetivelv results auah)gous Io e<luations (22)

and (2:;) are ol)t.inc(l. Co.tinuing lhe amtlysis

h,ading lo (,qm_ti(>n (:¢91 shows lhal, t() lhe l'ivsl
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order, ttw free energy of wwa.ev formalion

depends upon the deriwtlives of ihe potential

ener,,'v_, with resi)ecl to the strltins, evnhinted at

the points in configuration SlmeO corresponding l o

the atoms in their nlelut i)osilions in the perfect

and impcrfevt, crystals. I[owew,r, the states
corresl)ondiiig to the perfeel n,nd iinlwrfect, un-

strained crystals when all the atoms arc in their

]neau positions nre bolii equilibrimn slales ill

which lhe s\'stems are in pol.enlhll wells witll

respect lo I)olh ntotnic coordinntes lin_[ sirloins.

Thu,% lhe tli'si, del'ivnlives ill'O all ztq'o liiid tile

free (,Illq'_2".v of fol'lnlllioll of it VllCllllt!v is inde-

pelidi'nl o[ lhe sli'nins lo il [lrsl-ol'der nl)pl'OXi-

mill bin :

The lernis qlllidi'li.lic in the stl'liillS Ill'l,, ()f UOlli'Se,

1101[ ZcI'('J.

Tlic nilnlksis shows, l]lei'efoi'e, ihlit tile ]llin I)

fi'equenv 3' is lnoro sensilivc 1o slrliins thnn ihe

i,IICl'_'.v of VIICIIII(!y fOl'llltlliOll. Ill lilly Ilitllusioii

])I'OCeS% the elt'ecl of strilin is fell inosl, slrongi.v

lhrough lhe junlp fl'equenc3 +, lilid for sllilic

strnins this is liSunll 3" lira onl.v fnclor thlll liilist

l)e COllsidel'ell. Thus, lo the tirsi order ill tile

Sll'llillS, eqlllilioli (4S) iililV lie wrillen in lho

sinil/ll, f.rni

J_7: :_, i Nr e.rp (--A(1,/I,:7')

TI,, italy 1)rollh,ni renininin 7 is to cnlculnto l he

elt'e_'t of phlstic th)w (Jill _x.

Tlieor3 + niid expel'inieni bi)lh indicnte (refs. 17,

11t, nlid 12) llml, for sinil)h' iypes o[' _[eP_il'nililioll,

tim lllllll})(q' of Vill!itllt'ie'_ l)rodu('e<l bv ph/slic

st, rliili is 1)l'Ot)orl, ionii] t,o tile Sll'i;tili rlile. ]11 this

rel)ori tnilv simple plasiic deforinntions lhal{ ('il.Ii

t)_, <h'sm'itn'd Jiv il single Sll'liill ])ill'fllfltq/q" ill'C

considered; hlcluding' {OllSiOll> Ctllni)ression , lilld

¢]u,ar. Accordingly, for the production l'alt, of

<¢liCill/Cil,s dlll'ill,_ plnslic thlw it is ilSSIlllliql |hilt,

D t = A', a (57)
whol'(,

17 sl rltill l'_.ito

/(l _1 (tOliSl.il.li I;

5hice the Vil.Cllli('v conceiitrlilion _lul'hi<: plnsiio >

llow is g'l'e-'.tter thnn the th0rniod}n:iinic equi-

lil)rhnn vallte, the excess vltcliliCies will lend to

l)re('il)ilnle Ollt of tlu, Cl'VSlll[ lnllll'iX. It IlilS t)e('ll

shown t, tuit vaclincy condensation is most prob-

n l)ly li. heterogeneoliS nile|o'ltion pi'ocoss (refs. 13

lllid 14) in which the vl/cll.ncios preeipitlile Ill

Jinl)erfections in t ho crvst, al sucli iis grain bound-

Itl'ies, foroign inehisions, and voids. For such a

nleclutiiisnl it, is rensolial)h, to 1)ostulll_te lhal

viicaneios 'fro renloved front the hiitieo by a first-

order pl'oCess. Thi/t is, the l';ll.l. ,if desll'llctioli is

giV('ll })V

SO thai lhc ilifferenlinl Cqlllitioli govei'llill_ the

Vill'illi('v COliCollll'iltiOll is

d 77....
dt = tt :-- I(_,_ _ (5!t

\V]l('l'l.'

{ lillle

()ll il IniCl'OSCOl)iC .qcllh', it is ot)ViOli_, llilil ihe

(!xt,(_ss COllC(ql[l'll|iOll (if VII('_IIICit's IlII/V VI/I'V COll-

siderlll_ly fl'ont (llll, ]loini in the crystal tO linolher,

del)endin 7 Ilpon tile disll'il)ution of the ilnllerfec-

lions in lhe lnliice, wtlicli iI.C{, its Vileq, liCV SOlll'('l's

lind sinks. ][owever, in nlitl't'o._cllilic difrusion

experinlonls, ililei'esl lies in liie overli]l i/.viq>l/(_t,

vl/.l!illll!,v COll('Ollll'llliOII. AccordiliTly, n lmr is

ph.'e_l ov_,r ,: Io indicaie the Sl)aC_' avcl'a_z, .1'
llie v_l('illlQv COliClqlli'_itiOli.

Jlllel.tTalioli of I'qllliliOII (59) 7'iVeS

_ I£_ [1--e.,'p (--IC 1)] (Ot

llll.d eqllill, illll (14£) I)eeOllleS

,',:=_ [1 :.rp(--K.,,t)l-l-N,s,:.,pI--A(iv/'tcTI (51

Tile niodc of i)r.ducl.ioll of vaelntch's I)y lnovht_"
dislocntions is dismissed lit SOllie _lclltil ill rl!fer-

(!lt('(+S l0 tiiid 12. ._.S 1)()inle(I oul, ill tlit'sl' I'(!fel'-

(qi.cl,s, I1 liIllitl)t*l' ill' llossil>le llll!uh_/ltiSlllS t_xist, liy

wllich liiOvill_ dishlcalions Clilt g'eltei'lile va{'_lii('ies.

A1, l)l'esenl ii, does nol, si_C.lll possible lo l)erforlii

Jill itCl'lll'l/ll, cniClllnlion of i, he i'il.ll, of t)roducl,ioll

o[ "cliCilltCies, liiid lhel'e[oi'_! t(_ iittlsl tm li'ealed lis

li.li einpiriclil piirliliiiqel' 1.o ])e del,erininell t)y

cxt)ei'illlelil, t[owcvci', ii, Cilll tm itole<[ linll, if

flit; _enel'lilion niechlinisln iil'coives disloclil, ion

c!inlt), /_ will bc 1)rollorlionlil lo 1,he coe[[icien.l
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of self-diffusion as well as to the dislocation

density. If a purely geomi_t, ric met4mlfisln is

involved, Iq will (h'p(,nd only upon the dislocation

density. Tiros, for pl'odu('tioll t)y a, gCOnlctric
lll0Ohll IliSlll,

[(l _ Ct

aml for l)rOdu('ti(m by a t ht, rmally activated

lll('(']l_t|]lisIll_

lq =c_ exp(-- E/k T)

_'_,C2 t (:lllptwa [,H l'c-ill.(] (}])(q).d (H 1[ COllSLltld, S

E energy of act;vat:ion for self-difl'usion

The rate of destru(.tion of vacalwies is dctor-

Ini12(,d 1)y tf2. Referen('es 13, 15, and 16 arc

('on(_erm,d with ('al(_ulaling ! he rate of at)soq)ti(m
()f vacancies 1)y wtrious tylit,s ()f vacan(,y sinks,

and the remaining dis('ussimt of this setq.ion is

largely an extcusion and deveh)l)ment of this work.

Thl, ('onstaztt l_ (h,tiettds ()It the ltaLtll'(', of the

wt(.atwy sinks in the nmt.erial. Obviously, ilifl'cr-

ent, kimls of vacancy siuks arc possible. Thus, a

foreign in('.lusiou may colhwt va('an('ics and give

rise to a void that acts as a spherical or ellipsoida]
sink, aud large grain t)oumhwies m_ty act as two-

(limensi(inal sinks. [)islot,ati(ms may act as sinks

fi)r vacam'ies in two ways: If the tqtergy of iltt/q'-

action I)et.woen a vacall.t,y altd a dish)('_ttion line

is great enough, _ vacamT I)e(:onu,s immobile aml

is (,sst,mially removed from the diffusion region
when it gels closer tl) the (lish)(_atiou liuc than

some Sl)eciti4_d distance Ro. The dislocation lim_

then _ives a rise t,o a cylimlrical sink of radius /go.

This type of sink is l)ropos(_(| in refere4wc 16.

It' (h(_ on(q'gy of inh,ra('lion I)etwecn a dish)('ation

am[ a va(,an(.y is large o)tly at ('lwtain tliscrtqc
points ah)n_ the dislo(mtion lira,, su('h as dish)ca-

t;mr jogs, then 1(2 depends (m the frequency of

collision I)(,lwo(,u a va('an('y aml a jog. This type
of sink is t)oslulated in rofor(qlc(_ 13 in studies of

IWt,eil)ilatioll of v:2('ml(.ies din'rag dill'us;ore I hus,
four types of i(hmlizci[ va('altcy sinks are con-

sidereal: sl)herical , I)latelil_c, cyliudri('al, and

tlis('r(qe-point, sinks.

SPHERICAL VACANCY SINKS

It is assumed that a sl)heri('al siuk of radius ]_o

is hwated at (hi; (_cltter of a, spherical rcgi(m of

radius h'. ])urin_ plastic flow, tim production

rat0 ot va(um(4es is IGi, so that tim sphori('ally
symmt,tric steady-state dill'us;ira cqtmtion is

IL d (r" d_'_ .

),VhCI'C

1),, (li!fusioll ('ocfliI4(qtt_ f(w va(:ali(!ies

r radial distance fl'om the ('('nt,er

o st:(,ady-statc ('on(lit, ions

For the ii1H-l)OSc of this cah'tflati(m, the effect

of the _h,formation on t,hc (:oor(lin'rtes in e(luatiim

(62) is Jwglccted, and it is also assume(l that ]),,

is imlcpendent of positiou.
The boumhl.rV ,omlitim2s ('hoscn for (he solul ion

of cqu.t,io)t ((;2) are

I_°(l?,,,t) O)

(In° ") 0 ((';;})

E(ltU rio]is (03) imlily that (,h(, sink is a l)orfc(q,
absorl)(r of oxccss vacancies and that the sinks

arc umformly distributed through the ('rystal in
such a way that the (list, an(_(_ t)ctwcelt them is 2R.

The solution of equation (62) wi(h the 1)oul)dary

('()ndi(i,ms given by equations ((i3" is

o %
"_='T[)_ \ R. r 2 2 ,/ (64)

"l'hl, average concentration n-_ throughout the

st)heri(':d vohime of ra(tius II is given 1)y

31" _r2(tr

iP-- ..' It,
(_i:3 1[_) (6[))

Pel'forn ing the integration in e(tuation (65) gives

'g(/,_ :]i,_o))_l11o2 l (l{'--I?:)'- 1r" " ",i '°/),, (; i L'P, iJ

{6.6)

If 1:,<<17, s. lhat the distam.o between sinks

is ]llll(,li l,_ll'_('l" than lh(,ir radius, then, at steady

slat,e,

-o I¢._Ir
_=;_1_ ll,, (67)

But fi'o)n equation (59), the st ea(ly-sla(e (,ondili()n
g_ves

IC, i :: ICZ_ ° _68)
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whidl, CO,hi),lied with equation (1i7), gives The solulion of equaion (7t0 is

31loD,, (69)
/('2-- h)a I_x_m L2 In (D, _- _-¥/j

(77)

or, if there areJ sinks per unit vohmie,

tC2= 4r l_ofD,, (70)

PI,ATEHKE SINKS

For t)latdike sinks of I hiekness Lo and a distance

2L al)lU't, the 1)oundary-valu(_ prot)leni analogous
to oquations (62) and (03) is

D d2._° _.. "1

,,(i7-+t_,_ =o /

.°(L,,) =0_ (7l)

where ,r is lhe perpendicular distanre from the

plalc. Thr _olution of equation (71 I) is

._=_:E(L.r LL,,)--I(.?'--L_)] (72)

and if [,,A<L, the llw,rago (.ou('entraiion is

,-7°-ICe-L2 (73)
:-IDa.

. 2D,
1('2_ _.. (74)

or, if the nr(,a of the l)la_dike sinks is apl)roxi-

mately L e (lis wouhl be the ease in :l nlnt(,rial of

uniforin grain size), then,

[,__21),,[L (75)

0YLINDRICAL SINKS

For oylindricd sillks, tl,e tioui_(hu'y-va.hle t)rot)-
loin b(_comos

! -(L (rI) v !):L_')_.]_I_i__. 0 1
r d/' (t," : 1

/

._ (to) =0 _ (76)
!

(% =o/
, (11' ,/r=r .I

x.V] I('1'(_

i' 0 rat,us of eylindriclil shil,:
(lisliulc(, t)(,tweeli sitiks

lilt(| for ro<<rt,

ll, lld

-o Kl_ rl
"==..;7 r7 lit-

Zl #: ro

K.2= 21),.

r7 In r_
£o

(78)

(79)

If t.tl(; sinks ll.l'l_ dislo<_:l.iions of |eligih 1, the

vo|unie per shik is rr_l ,,.lid e(lilli.lioll (79) (_i/n |)l,

(ix l)i'es+e(i it,s

I( 2rl),, fl.... ISO)
In 5

+++0

But, +/l is llte nunlt)er <if dido(ration li,es I)er

_(tltil, l'O (;(;nlililelor, lhil.t is, Ilio dishi(ml.ioi, densil.y

"\+D, so l.tiill

I(, 2rl),, ,\],2...... (81
In 5

J"o

I)ISCRETE-POINT SINKS

If the va:an<qes ,,.I'll d(.stroy(_d by iui li.tOlille

(_ollision ])l'<)<tt.ss, 11,-4 Woltl([ |)(; t.he case if only

('.el'ill, ill poinls, St,eli ILS dishi<m.i ion jogs, il.l'e tql'e(:l ire

in ll'll_ppin 7 vii.<'.il, n(_ies, lho I'ii.ie (if viieliii(3+ de-

struct.ion iS i)roi)ortiontt.] l() llie collision fr(_(lUt, ll(!y

bol:,v(_oli vll.(.tiliril!s ,ilia .iog,_.
The jUlllp fl'l_(lllell('y of ,l. Vil.('illl(:v is roughl,v

l)viX2; all<l, if ¢) is tile (lishi(m.lion jog COll<!elilril,-

lion, l.]lc (:ollision rii.l.(_ t)(;tw(mli ex(_ess Vil,(qtlicies

IHld. jogs is

I)<. Cj
-7(_-"_ Xv (82)

wh0ro ('s,,!A:_. is i.hc 1)robal)flit.y thai, w]lcn it vll(!iiAl(.y

jllnlps, it. rlll,S itito a, jog. if il is aSStlllled i]lilt,
'l.ll eollisioils i'osulI in it. (lest.rtt('.lion (if the excess

Viteill I(;y,

h. l). (:,

lnspe(qion (if the viu'ious exl)ressions for K2

shows tlisI 172 is 1)roportionitl to flit; dill'usi(in
eoefflcMli, for vii.i'll, nixies a.iid I.o rite eOlieOllt,rlilion

of VS(:il, ll(!y sinks, mid (h;i)eil(ls Oli tile geoliiel.ri(:

chiu'i)a;l.or of the sin|,:.
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hi addilio)l to the mccha, nisms involving migra-

tion (o sinks, vactui(qes niit.v di._al)l)etu' t)v cointiin-

ing with inl(,rslililils. Sill(!(' inlorsliliills i/,l't! ilillch

liio)'o ntobile t|litit vltcltll(!i(,s (rot'. 16, oh. D), only

(]ic diffusion l'lt|(_ of (lie hllerslililiis li/lisl I)o

('onsil[oi'od in the rocolnbhittti(m |)i'oc(!ss. The

jut(ill fri_(|U(!llCV (if itil interslililtl is ])i/'X _, whiq'¢

1)i is Ill(, diffusion ¢oc[tieienl for lh(, Inolion of

iniersliiial ltloiiis. If lhe (!Oll('(qllrlilioi] of in-

lei'slilhils is _i_, [7_ Js given by

It" D,n ,:

:=X_NT (8:3b)

T[lus, if the vacancies awe destroyod by reconi-

bination with intersliiials, K,> is proportional (o
the diffusion (_oetli('ient for interslilials rather thlui

to lhe diffusion cootIi(qent, for vltcaiicios.

In ltll ttcttllil crysllt], s(,v(,rlt| of the I)rodu(%ion

and Itlili(,il|ing mcchltnisnis nilty l)c ot)oratin g

siniullanoously, in whi(.h case tho ('onsltuit.s It1

lind Ix" 2 itl'e givoil |iv _liliiS of tile spe(qal (!itS('S

described ])reviously.

DIFFUSION COEFFICIENT AS FUNCTION OF STATIC

AND DYNAMIC STRAINS

(2) ])iffusion |)y i_ viix!li.ilcy lnechlt|liSiii in l]io

t)i'osOlic(_ of slali(, sli'liill_

(3) I)i[]'usion l)y It,it inloi'slilili, l lil(,('liltliiSiil (lur-

iig 1ill(slit (](.f()l'liiil, ii()li (sli'ain rlilt, iiol,

;*i(q'())

(4) ])iffusion b v II. vit('lillC.V lilochilliiSili (lui'iiig

)|aslic doforntal ion.

'lqio four diffusion co(dli('ienis (.orrespondin K Io

these [Olll" (!ltsl,s will t)(, lab('h'd l)(_ >, l)I{ ), 1)(! ), ltll(I

1)(!) rosp(,(qiv(,ly.

For vase (1), _**--1 as dis('ussed in tilt, section

1)EI'ENI)ENCI,] OF VACANCY ('()N(q,;N-

q'RA!H()N (iN STRAIN, it.lit[ I's is giv(')l |iV Oli(,

of iho (,(it(lilt(illS (39) or (43) to (45). For (he

])lii'pos(.s of lifts (lis(qissi()n i_ is li.SSlllii(,(t llilll llw

d(,forniali()n is it Iliiif()rlli lllliic(, ('oiilrllcliOll. so

llllti, equation (43) gives ihe dl,]i(_ll(|iqic(' ()f 1[1(_

Jllitip fr(!qill!lll'y Oil Stl'ltill. Tti(' t'XH,lision 1() ()lh(,i'

l ype_ of slrttin is ol)vious. {'sing ('qultlioli (43)

and tile fa('l, (hat ill(' sirahiod lailico pa.ritln(_l(w

is r(,hl.lod to the UliSlrttiliod |lttlic(_ pltrii.iiioliq' liv

I[l(_ flt('t()r (1 I e) for (!Its(' (l) yMds

,')(_)_aX"(1 +,)eF_exp V -.3, {a__ 7 (85)
L kTt,bE}+,ol

In the previous s(,ctions, llie theoreii('al frlnne-

work for all lilntlvsis of ltle ofreet (if strliili on

diffusion }lit_<_})O(ql develotied. In ibis section, tim

]troy(otis results al't_ colni)ilil,d l.o give t.]io thull

fun(qionttl (|(q)endolice (if l lie diffusion coelli(_ielit,

Oil (lie slrains.

Froni (,(tuitli(in (l!i) ii is ovi(h, nl lhat for (tit

isoiropic solid Illidor h()iliOffOill,()li.S slrllili ihc

diffusion v()c[[i('ioli( for iJw flow of Sl)(wies N is

giv(,n 1iv

l),_ c_X_t_, IL (84)

V¢]I(,I'( _

X, laiii('o |)lli'iliiii'lcr

o_ conslanl Ilntl is dolornihlo(| ])y liw Cl'ysla.l

s1 i'll(q 111'o

The sllli,_Vl'ii)l 8 refol'S lo lhc sll'liill(,(| ('i'ysliil.

Follr stie(,illl ('itso_ (if the g(,iiOl'li| equal(on ($4)

II )'(_ ('onsid(,i'(,(| :

(1) Diffusion liy all hiterstililtl niechluiism in

tile pl't,st, lic(_ 01' static Stl'Itin @tritin rato,

Zlq'O }

F()I' (Its(, (2); tlw vlt(!Itilc?.-concoiilrii.(iOli is gov-

(wlle(l 7)y (_(lllll.liol i (47), Itll([ 10 It firsl-o)'(](,r

ttpl)roxhnalion is tinaffocicd })y slrll.in. _ili('o

'#Is--/i.,/A'T, aii(| for (}l(_ |ioinog(qi('OilS (|(_foi'lilli, l iOll

('ll.sl' ])(!711K consi(l(,r('(l I'_ is given }iv (,(|lllllioii (43,

the diffusion ('o(qli('i(ml for ('its(, (2) is giv('n l)y

-"'-F,(I t e)2c.,./,r_!,;:,(o_) ]
I) ('. or\ 27 (86

%. L k7 ._, ¢,l)

Sii.'( plasti(_ flow does not all'cot, the, nunibor

of int('lsiililt] sites, u_--I (wen iit (,Itse (:-I), lin(l it

r(,su|( i(l(,iiiiciil (o liutl (if (,q)lltiion (85) is (lt)(Itin(,(l:

[,(>]")") "' " )_ #) iS7)
1 ; c_X-I ,,[1-i e{t)l'<.,p ---_'T" N :,,)

A signifi('an( (lifl'ercn('(, ])etwi,(!n t,(lUlttions (s7)

lind ('S,_) is t.]ilit in (,(lualion (87) lile slrllin, and

l}lOl'('fol(' Ill('. (lift'usion ('ootticicnt, is it fuli('lio)l

of tim(, Also, in equll, lion (85), 1}1(_ st,rain Ill(it.

iliilSl. ])( consid(wed is the ltclllltl iltlliee ._li'ltin and

liot llw ol),_erved nlacros('opi(" sli'uin. For plastic
deforlnlL1 iolis, ih(,so two _li'n.iliS ill'O not, in goni,ra.l,

equal.
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For i_lls(, (4), the Vilt.lLlil..v (,Oli(.t,llll'_,ilioli is givl,n

l).v (,(lUli.lioii (61). r|Till<_, ll.gli.ill il._ilig I'(lllli.lioil

(4:{) ltlld lilt' fll.(q lhil.l ,_- ,w,./'A'.r for ('<is<' (4)givPs

17<7> "x_I'"IIt_(#)I2'"l'FL-,4"7';¢'(#) (,0,),,+,<)¢ ]

"{"' K'_ )" ,'Vr K_,,'Vr [ I c.q_:' K_J 11 (SS)

J"or illl<'l'siil ild difrllsi(in, l li(, ditl'usioli (,olq[i[.i(,lil

ill tile unsll'ltiill,iI (.il,-.4(, is

1) <i_ --_X:l'_ (Sg)

II11_1, f<ll' difl'u._iOll by a va/>Im<'y m_.('halli._m ill IIW

IIlISi I'l/ill('ti ('II, S(',

If r

17 (_> _X"I',, NT,

Th(,r(,for(,, ('(lUilAiolls (gS) i() (g£) ill<l. 5" hi, wriiil,n llS

z),_> 17<`'(i -i _)-','.,s,L h.?'ta_ A+.,d 9o_

E;;(;:) ]I)<:>: D(':'(l + e)"e.q_ -- , ((.tl)
_741

F :l_(t O<_ ] (!t2)lJ<(_ /)<'li t+(l i_,.,/,L-- /,+r (0;)++,,,

0¢

+ Iq,{ II ,'.,t,( - /C,/)[ ) <9:L)1 1£.._,,

'l'ht's<, ('(l/iillitin._ show }low the efl'l,_qs of rll.l'iOllS

lyl)C<'_ (if sli'lihi,_ <ill ili<' dill'll.shm <'o<'[til_il'lil ('il.ll

li/' llik<'ll illtO ll(!<'oIInl, t'lti" dilt'ei'_,iil ditt'usion

il_,l,/'hliiiisnis. The <,xli,liSilill o| lllis li.lll_l)+sis to

olhl,r difl'llSiOii niel'llll, liiSiilS is <!olli])llq<,i.v il41li]o-

7()11s lt) lht, ])l't,s<,iil. d(wt_|o])ilii,lit ll.lld will liltl lit'

giY<ql hlq'e.

I1 should tie liolell lhal, in ltm exl)rl,ssioll |or

1)!_ ), lh(, strain l'lite ii/ (,(lllllliOll (I,):{) iS llic ]llll.(Tli-

s(./)l)i(_ sll'ahl i'ltAt', iIJlhough lh(' sli'liili _(t) is lli<'

nli('ros('(tl)i<_ laiii('t' si rliiil.

COMPARISON OF TttEORY WITII EMPIRICAl,

DATA

rr[l<, lh('()l')" ])I'(,SIHIIt't[ ill lllis I'l,])l)l'l. lllltk<,s li_

llllllll)('l" of l)re(li(qions thl/1 (qlll 1)<, <41eck(,d 1iv

existing oxl)/'rim<'llilll <hl.la. lil this s(_(,tioll, li.ii

il.lllll)+sis of Ill(; vldi(lily of Ihe 1]1(,o1") is lnad(, bv

<'lilil|)ill'ilig lli(, lh(,(u'eli('lil rt,,_llll._ wilh difl'usi<in

(llilli.. Thl, (qtllllliOliS <h,v(q(q)<,d lhlls [li.r ill'(' <lot

li.lwli..vs hi tile f()l'ili iilost siiilllhh' ftlr ('Olli])li.risoli

wilh i,x])<,i'ilii('lil. "Vtl'h<,ii<,vl,r li<,<'<'SSll.l')', lli(q'(,t'oi'<',

Iti{' (_(luilli(lii,_ will h_, ll'il, liSfl)l'lill'(I hil() II ('Oli-

v<'ililqlt form.

Till' (inlv ]il<,l'llliil'{, (tlilil. li.Vllihliih, for ll,slilig

I'lllilllioii (!)1) ill'(' (_OIl('<'l'lii'(t wiih lh(, (q_'('('l tit

]i.Vlli./iSlil.li<, |)l.(,sSiilq, <)11 t11<, (lifl'ii,,_i(in ('<ll,|ti<'ielil.

Tile t,xti(,rinieilllil (lalli. u,_uilllv gi_,{ ' lli(' (lifl'usi()li

('<)(q_iri('i(,ill. 11.'4II [llli('lioli of ])l'/'S,_lli'(', so lhill., fr(ini

tile ])ressill'(,-VOlllnH, r<_lilli(lil of Ill(' ]lilih, l'ilil, 1}1(,

d_ihi. (tllll_ Ill, ot)lllilll,d <is il fun(qi(in i)f slrllhi.

_iitcc ])i'<,ssure-Yohini/, ihllli ill'/' gl,ilei'llll_" given

ill lel'nls of Al'/l'o, ii i._ (!()iivl,ilieiil I() (,Xl)l'l,s,'.;

<is li Yo|ulii(, Stl'liiit (I'o is lli(, vohllil(, lif z(q'(i

lii't,SSlil'(,). Th(, slrliiii _ i._

X<--X AX
e _-- - (94)

X X

s<) thl/l, ill l<,i'in,_ of v(l]llil/t' Stl'lihi

IAI"
((.t5)

f<ti' snilill ,_ti'ilhls. Th<,ri'f(tl'e, using <,llUliiiOilS

({i4) liil[| ((.iD)tllid liiso 1]l(, I'ti('l lhlil

i!lllllll.t'i,s <,(lilllli<lil (91)l<i

+AI"_ -_/:` I)<,.> F A|" i_¢_ 7lJ';>,t(1 Vo / : _'"/"L-- l'J_.7't_" ./: ,]

(.q7)

Th<,l'l,f<ir(,, it, i,_ iwilh'nt thai Ii plot of In D<, '_

(1 FAl',,,"l'o) -_1:_ llgllilisl Al';"'l'o .'_]l()llhl |)(' ]inl'llr

wilh 11.shili(' m giv<,ll liv

,,,:-(::) ,.. _,_ kT' (98)

il.iill il.il ilitei'<_t'])l givl'li by ill D (°).

_(wlq'il| iilvi'._ligii.h)i's tlliYl' ()|)ltiillli(I (llllll. (in lhl'

Ylii'iill ioli <l[ i til' ilifflision <!<)tqti(.i<,iii. wii ]i 1)i't,SSlll'<,

lhil.1, lli'e ,_llihi.|)ll_ t'(ir l.<,,_lin 7 (,(lulili<lii (97). Rl,f-

el'iql(;i, 4 ])l'l'Sl'llls Ill<hi fol' tile S('if-(litt'ilsiliil <>o-

o||hqelil lI.S li fuil('lil)ll (if ])l'0SSIIl'l! for <,qidiuni,

i)li()si)til)l'tlS, tlil(I ]noi'(_urv lip l(i l)l'(,<_slir(,s oi"

17,01)0, 4000, lili<t SII00 iii in(is|)il/,l'e.'_, i'eSl)eclively.

Ttl(_ slqf-(liffu.'_ion cootth'ioni of liquid gallhlin lip



]4 TE('HNI(_'AL REPORT R 3g NATI()NAL AERONAUTI_?S AND SPACE AI),_INISTRATION

%
u

c_

+

_J

g-

10-6

113-8

I0

(

I

i

i

(a) 1 ....

0 -.02 -.04 -.06 ,08 -.010 -.012 .014

Volume change, AV/V o

In') Sodium :ll, 3ti?) ° K.

g

%
u

+

%
u

+

o_

io-tO

i0-11

!

10-4

)

-3

0 -.01 -.02 -.05 -.04

Volume change AVIV o

Ih) Whil, IHiU_l,li(,rH_ nl 31 1,_ h:.

I0- d',

0

J_

T..... ::-i -i

i i_i

J

I I

-.ol

I

_._ _ i__

-.02 -D5

I

-94
Volume change AVIV o

Ot) I,iquid _alliuin "it 3ll3 ° h:.



THEORY OF DIFFUSION IN STRAINED SYSTEMS 15

1o pressures of 10,00(i atmospheres is given in
reference 17. The self-diffusion coeffhgent for

single cryshd zinc up to pressures of l<],000
atmosl)heres for diffusion in the direcli<)ns 1)andh'l

to and l)erpemli('uhlr t() the c-axis is (leternline(l
in u'eference I.

The electric cond twtivities <>fsilver chlori(h, and

silver hromi(h, have been measur(,<t its a ftmction

of 1)ressurc u l) to :_10t+) at_mosl)lwrt,s (ref. IS). ,q,in('e

the cottdtwtivit) + is proportiomtl to the <lifftjsion

<'oefticient of the si[vt+r ion t)y the N(,rnst-Einsh+in
relalion, the data of i'eferen(_e I,'2,are stdt+_l)le for

testing eqtmtion (971).

Plols of the vlH'ialh)it <)f the (ltmntitv log

l)_)(I-_,Xi'/l',,)-_i:+ a+..cainst...Xi'/l',, for the self-
diffusion of sodium, pliosphorus, nlei'ctiry, aml

gallium are shown in figure 1. The quantities

log D"2(I_-XV/Vo) -_/:_ for single crystal zinc
were plotted against the fractional change tit

hittite l)aranteter ZX/'X, since lhis is a more tiatural

i0-4

9

8

_" 5
_3

u 4

Od
i

<hl +
+

a ;- -
_)

,,---

10_s to)
0 -.0005 -.0010 :0015 -.0020:00"25

Fractional chonge in latticeparameter A),/),o

(al Zinc at 5g0 ° K, ])erpetldicuhu" It, c-axis.

]?I<;,rRF +)-. Vat'inti<,,, of log I)+(l+AV)_ +": _/:+ plotted

tigainst fractiotml change in lattice parameter 5X/Xo fl)r
self-diffusiml in zinc.

%
u

oJ

+

®

g,

_o_ (b) I
0 -.005 -.015

Fractional change in lattice parameter, AX/X o

thi Zinc :it 5Nil ° h:, imralh'l I(, r-axis.

I:l(ll tie 7. ('(.Inchldl,(l. V:ii'inl ion oI" log I)., 1 I',, /

llhHIt'<l ltgaiiisl l'r:lvlh)illi] cll:liigl, ill ]:illl('l, [):lr:ilnt,inr

AX/'X, f()i" sl'lf-diffushln in zinc.

unit for discussing (lilt'fist(lEE lit anisotE'o|)i(" cr).'qliis,

liEil| l,he linelir conll)ressioEis [)eE'l)eEi(li('tEhlE" and

t)arallel t.o the c-ilxis tlE'e availlllih,. Tile zhic

tlil.t.a, li.]'e plot.ted iil figure 2.

Figure 3 gives h)g 1,"R plotted agllilist AI'..."I++

fOE"silver chh)E'hh' li.ii<t sih'er l)ronli(le, wliere /7 is

the resist.ivil N. The vohiine change ,..%1",/1", is

small enough for the l)resslEre E'llnge consi(h,red so
t.hi/t, (I_-AVtl'o) -''i:+ does llOf ll.l)l)re('ill.t)].y tt.[t'(,cl.

t.he E'esulls and Oil.it t)(_ ignore(I.
(_onu)i'essihility (htta (i'efs. 19 lo 23) Wl'l'e used

t.o ol)t.ilh!, the appropriate vIthl0 of AI'i"I'+ for

zinc, sodium, rllEq'l;1EE'y,silver chlori(le, lind silver

t)E'onli<h,. FOE' gallhEnl, AI'/I'<, was <,onlpute(I

from the (hll.a of referen<'e 22 assuniing l.hat the

forni of Al',il'o llS ii futiellon of pressure is the

sti.me its lhlit foE' lileE'(qEr S. The vt_|ues (-if ,AI'/I'o

for while phost)lioi'tES weE'e conliillle(I fi'olll (Iiitli

fE'Oili I'('fl'E'('lic(' 74 IESS1Eiliilig lhitl lhe vtii'illt_ion <it'
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:0008
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.027(

.0265

in_teclira,ui('_ of ill(" (,xl:,,rinii,nl,,4 tin([ Ihe eah+ti-

hltion_,

Th(, slopes of ttw ph)l.'_ _iven in ti_,zures 1 1() :)

.re I'eh)led lo (h(, inieratotni_t fol'ees lhrough eqmt-

lit.) (!)7). If liw ri,l)ulsiv(, p(H(,nli)tl is sleep for
a, yet'it)in n.,lal, thai is, the Itlonls are "hnr(I,"

(ht,n fi,r a _ziv(,n aloin di_lH_wentl,ul arisiu_ from

a ]a(lic(, strain, lit(, I'at(, of vhange of lit(, polenlial

energy with strain is nuwh _il'(')tl(q' (]trill fi)F _t

._inlilariv st, rained vrv,,-+i_llcotil_iinin_ "soft" _/J,DI|IS.
Thus, (b_'/0_)++,0 should h(, hire't, f<)r t.lrd aioms

and small fiw atoms tmvin_ slowly varying po(en-

lial I'unvtions. Ti.' quantity -- 1:'# (()¢/?.)e)..,0

m T ira,', been vah'ulnled from the slolws of the plots

of 1.++_*II-_-_V/I'o) -2/:_ plotted n_tainst AV/V and

the a t).,-;,)hnh, teml)erat ures of tit(, +waiht hh, ditl'u_i()u

exlwrin.,nts. Tat)h, I summ.rizesthese valuesof
m _u.I '_+T.

TAI'II,I.; I. (:()MI'AI{IS()N (tl e VAI,UI+:S (iF mT F()I¢

Mvl,I .,7'

VAI{Ii)I+S MICI'AI,S

"['I'IH- :

l)('lqt- III

t iir(', "]',
° K

S.di lm

Zill(' (__)

Zi,.. (![)-
:_h.',,u ry (liquid)

(;allum (liqllid)

Sih( r lit ,_ilv*'r (,hlo-

ride

,'4ih.( r in >ilv('r I,'o-

Itl ([('

3(;;{

SN()

3O3

3(I;{

7)73

57:{

27. !) I(1, 12(1

Xll. 1_ 51), 2(I0

31. 7 20, 1(11)

6. 5 1,971)

6. 5 I, U70

uI. 9

I:2S+ ()

52, (;1)(1

73, ()()H

•0260 (b)

0 -.0002 =0004 -.0006 -.0008

Volume chonge, AVIV o

(,I)) Sih(,r l)r(>mid(,.

l,'t(_t RI,; 3. Variation_ of Io_, l,,'l_ [)[oth'([ :_gain_t vohnn(_

('han_e AI',_I'o for nLohility <if silver :it 573 ° K.

tlt(' fl'a('tiontfl voluni(, ('haug(, with prt,sstu'(, has

lit(' main(, forni _ls tltat ol)s(,rv(,(l in ref(,r(,iw(, 25 l'or

hhwk ,,(I ,'(,(I l)l,)._Idtorus.

In nll (')_ses, tit(, n vaihd)le ('ompressil)ility (laht

w(,re extrapohi((,(l 1o t he diffusion t emperat ure.

Tit(, lin(,,u'ity of the plots l}resente(l in figures 1

h) :_ show.,+ tirol the flwm of equation (97) is wfli(l

for thos(, syst(,ms investignt(,d within the l)robal)h,

Th(, ()west valll(,s of ,,nT,'it'(, lh()s(, for tn(,ruttrv

and g_l lium. This is It) lie (,Xl)(,('t(,(l, sin('(, th(,v
It)we r.hitivt,ly "soft" l)ot(,ntia] runt.lions, and

l)eing it tlt(, liquid stme, th(,ir tilt)ms are highly

mol)ih, so tirol th(,y van a(lju_t (o the molt<in ()f'

tit(, (lii+'using atom to give tit(, low(,,'<t l)OS,_ihh,
vahies to llt(, int(,ratomi(' fot'(.(,s. "Pit(, valtws of

m T for lit(, silv(,r hali(h,s nre )lmottg tit(, hight,st,

_Itt<l this is (,nli)'(,ly)'(,.son,hh, in view of the

st('eply ri+ittg u'(,ptdsiv(, pol(,ntitd a silver i<))t mt,(,t,,<

as it m_grat(,s l'ron_ or., s(al)h, p()silion t() th(' n(,x(.
In zin(, m 7' is mu('h l'H'g(,r f<)r (lifl'tision l)(,rp(,n-

di('ulnr to the c-_ixis dtnn for (liffusi(). paralh,I it)
the e-axis. Thi_ is in a('(+oi'd with tit(, fnt.( tlmt tilt,

n(,ar(,s( ueighl)or (listan<'(,s art, <,l().,<(,rill tit(, [)(,r-

l)en<li(,thH" position, so t hnt, wh(,n air ntom migrates
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to ill(, lwtivat(,d ])ositiolz, th(, u]muge iu I]le inlez'-
atomic r(w,.(,s is gr(,al<,r for it (:orr('slI<m(lil(IZ l)t'o<'ess

iu a (lirv('ti(m I)aralM it} the c-axis. (if all the

soil,Is lisle(I, sodium has tlw l()wcsl vahtc or .,?'.

The inl(,rilloniic t)ot(,tllial varies relatively slowly

ror sodium: ill fa.l, rt,ce.i ('ah'ulati(ms (Uill)Uli-

lishcd NASA dala) show that, i,hc I)()t(,titial Well

is so broad that lho l)airxviso I)Oie]ltial is i'el)ulsiv(,
lo distall('os as far ()(it as 1.4 l ilries the noal'(.si

ll(,ighbor distalw, ill s(lli.I s.(tiuln. Thus lllo l()w
value ,ll' roT' for so, liuil( is ill ;igl'(,(,lll(,IJl with its

interpretatioll in1 terms (if th(, ilHeratonfic for('os.
'l'h(, fact, that mT is s(i luu('h slnalh,r for the

li¢lui,I metals than f()r auy cf the soli(Is in(.ludin_
sodiuin is iu(li('ttlive of the (litl'(,r(,ti('o in lhe nl(,('h-

anisnl of diffusion in li(luids an(I solids. ]la a

liquid, the atoms are not ('ouslrMl/e(I to remaiu

at latti('e positions, so that diffusiou oc('urs lly a

v()(lt)(q'ative i)ro(.oss iuv()lving iho In(grating at.m

aim its n(,ar(,sl lu,ighll()rs. Thus, the ('hlu(ge ill

the iuberatonli(" for('t,s ('till I)(,kel)t, to a hill(((null1

t hr(lugh<)ul t h(, .lifl'usiot( l)ro(',,ss llu(I ('olis.<lU(mily
._ T wotahl 1)c v(,rv hw,.

I)EPENI)ENCE (iF DIFFUSION COEFFICIENT ON STRAIN RATE

Ill the absiqwo of sirllill, lhe diffusioii vo(,lti(.ieur

/) ix givon I).v lhe USllal (,Xt)l'(,ssi(m

1) acX2v, e.rp( AG/k T') (99)

For diffusion b v II vIwillll'V llllq.hii.liiSlll, ;'z, ix i h('

lifo(nit frll(gioli (if Vll(.tilicios iii ihe Cl'ySl.a] al

(,quilil)riuin. lii ii ('i'vslal iliidl!l'gOilig plasti(' ,l('-

[()l'liliili()n, t.ho (lift'usi(lll ('oelti('h,nl, is

17('_): :oAT. ,v, e.,7)(-- A(7,IkT') (100)

As usuM, ilio sul)s('ril)i ._' r(,fors to t.he st.l'tliil(_(I

svs| Olll.

If ii ('ouhl t)o poslullll(,(t i.hai., at iho Sll'(!.,:.s h,vels

ill. whi('h t)hlsti( . flow o(.(qli.S ill (lilt'us(oil |:(qllpOl'll.-

l lli'OS, i.h(' ('tt'l'('ls of the st.i'liili oil i,ti(' qiliilil.il.ios X,

v, tl.lld A(/ t11"(_ n('gligil)lo ('Olll])il.l'(_(I wil.h the ('ft'e('l

(if the sll'llhi I'll|( _ Oll lh(, Vil('lllWV (.oiic(qil.rl_lioii,

lhpil 1()li. good l/pl)l'OXiiniilioll lho riilio D_")tD "_

would t)(, _iv(,li by

/)<"l---t_-- 101)
I)(_'1 .

This tl(Isluhile is II, I'('lis()ililllh, ()liO, Sill,'(, il is

w('ll _il(tV¢li liilll lii()villg dishlcalioils I)i'o(luve ]ill'gO

lillllib(q's o[ vil('lill{'ios. Also, l)lllsli( ' fl(iw o(','lll'S

by ill., (lisphicenl(mt of llu'g,, I)hl('ks .f nilii,,rial (is
li rosult. (if (tish)('alioii inolioli, s() lhlil Ill(, iili('l'O-

s('()l)iV slrliiils defhlil/g l he roilltiv(, lilolili(' ])osilioiis

ill'(, iilll('h sniilihq' lhllil liie lilli('l'()s('Ol)i(' sll'liills.

lii fti<'l, il is highly pi'ol)li.1)h_ l.]llil llio llli('ros('Ol)i('

SIl'liiliS lii'(' ili\Viivs ll('].w l[il' (']asli(' Iilnil lif ih(,

inal (q'ili.1.

I{(q'elil nloilSiil'i,liilqils (ulipulilisho(I NASA (lli.lli )

of Ihe effe,'i (if (iv(ill(nil" ])lasli( ' flow Oil Iho i'il.|li

(if l]ifl'usioli of li.v(irog(,ii lhr()ugii lli('k(,] sul)sllili-

tilit(, ltiis hyl)(ilho._is. The ,litl'usioii (',/efli('ieilt

has llOOli fOllli(] lo I)o ili(l('l)(qilit_lll of lh(' Mill(' of

l)lilsli," Sll'li.ili for l eiIsih, Sll'liili i'lil.os (if 0.02 I()

0.4 lioilr 1. _iii('(, }ly, ii'OgOli (litl'us(,s lhroligh

ni,'k('l 1)y all hlierstilial lllO(']ili.lliSlll, li.liV cffe,'t, of
st, l'aili O11 t ho (]it]'tlSiOll coefli('i(mt nlllst IlianifesL

itself through ili(_ (lllli.lll.ili(,s X, v, iuld A(]. The

}lydi'ogl,il diffllSiOii o-qilwiinollls caii lhlwefoi'(_ b('

ilil.erl)r(god (is in(li(_lll.hlg lhal. 1]i(, efr(,(.l, of 1)lasli( ,

(h,flirlnllli()li Oll qllitiililie._ (llh(,r lhlili lho Vil('llll('.v

(.Oli('(qill'li.l.ioli i7 iiegligil)h'.

For lh(' ._hli])l(, ly])l!s (if dylit_Inic sli'a.ins dis-

('.iiss('(l ill 1.1w se(_li(lii I)EI)ICNI)EN(!E (iF VA-

(UtN(_Y C()NCENTI{ATI()N (iN STI{AIN,

._,ft_ is (llltllhl('(l liy divi(liilg e(tulitioil (61) l)v

(qlUll.l.hin (47), so lhill.

l)C'; ) . I¢ll
/-_-,-= 1+h_ {i---e.,T(--ICt)] (1021

](](lualh)li (102) sh()ws thai. I)_ ill(!l'oli.SOs with tim('

lip I() (in liSyilil)l(lli,_ Moll(ly slli ll; ill wiii(qi

/£_= -_7,_,,_ (103)

The t,ime required to rea c,h (he sioady state (le-

pends upon the vahie of/<i_. In order to olltaili
all eslimato of/x_, it, will be assumed that (he pre-

d(nniimnl tyt)e of vacan(:y sink is a cylinder around
a (lishi(.aiioll lhl(,, so lhal equiilion (81) is Yalid:

L) r

I__2_ "_ll'Dt_51)

In r__ (104)

Tyt)i(_al values of 1),, ill lll)l)roxhllat(qy 1000 ° (! lit'(!

hi lhe I'll.llg(' (if 11) -_ lo 11)-'_ (_onlilnoi(q'squlir(,(l i)t,l'

:";('(_()11(I, llllll il, ¥11ille or il,]){tlll 10 7 for "-)_-,V#/'

]ii (rl/ro) lili,_ llo(,ii giv(,n iii i'(,fol'l,li(!e '2fi, so lhnl Ix'2

is hi ih(' l'liiig(' of 1 t,o I{) 2. (_,)iisl,(lll(qill.v, lilt

I'li,!lor 11 <.rsd I_/)] I'l'li('hos li vlilil(' (if I).!t iii

li, liillO solll(,whoi'(, ttolw(,oli ().(14 ((lid-I lilililil(,s.
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For the (,xanll)h' state(l, a diffusion (,xpe,'in)(,nl
should ]asl al h,a.s( sev(,ra| hours if I), I0- ", and

a( leas( sev(,ral minui(,s if l), is as high as I0 7
Th(, onh" (la(a avilihlbh, in lh,, lileralur(, (in file

(,fie('! (if 1)la,_li,, (h,f()rnlaii())i on diffusion are for

th(, ,.)is,, <if iron ov(,r )i ri,s(ri,'l,,(l rang,, (if slrai))

rates ()'(,fs. '2 and 3). Al(h()ugh lh(, (laia are n()l

(,xtensiv(,, an(l soin(, (loul)i ,,xisis ('()n(_(,rning ih(,

absohi((, inagniiud(, of (he eft'e('( (ref. 3), a ]in(,ar
r(,hi(i,)n 1)(,(we(,)i (h,' (liffusion ('oefli(qen( and 11)(,

s(rain rat(, s(,(,nis i() l)(, valid. This i._ in a gr(,(,-

nient with the sleli(lv-stlite e(tualh)u (1()3). lit

vh,w of llie sclircily (if Ihe dllla in Ihis th,hl> nol

Iilll('li iliore Cltli t)(, said COlicerllilil_ lh(, ligreiqli(,iil

(if ltle ttieory wilh i,xperiilielil. Aihtiiional ex-

perinieuial work in ihis il.reli_ is highly desirill)h,.

VOLUME OP ACTIVATION

Frolli it ('()lll])lirisoll of eqlliiAiolis (97), (1)8), ltli(l

(10l)), the fl'('(' ellel'gy ()f lt('livItl.iOll for (][fl'ush)n

ill II syslelii sul)je('h,(I lo ]iyih'()slal, i(. pr(,sSlll'(,

Vill'i(,s wiih lii(; vohlln(, sli'liili li('('()r(iilig 1()

A(7,: AG- m i:_]t'7 (105)

shl('e v,'_i, for small htlih'(_ sirahis. Applyhig the

(hqhiition of till, li('livillion vohlin(, for ._niliil latlh'('

sl I'lihis giv('s

,_j{ 7,V0(-_ I "I l'o)-]
__t', - "L bl > d,, (106)

Ihit,

"\
t'> l (10r)

where _ is ih(, ('onH)r(,ssibility, s() Ihat the a('tiva-

lion vohinl(, is given I)y

AID -- n_ _Tk 7' (108)

Tld)le I[ presents vahies of the a('iivation

vohnn,, ('ah'uhlied froIn equation (10S) a( atmos-

liheri( ' l)rt,ssure for those syslenls for whi('h data

ill'(' 1,vaihll)h,. Figure 4 is ll ('Ollliili, risoii (If the
artivilli()n vohune of self-(lifl'usion in so(Ihiin ('a|eu-

hih,(l frolll ('(]tliiliOll (108) wilh Ill(' a('iivation

v()[llllll, ('li]('llhile(I in I'(,f(,r(,n(!e 4 fl'Olll (,Xl)(,rilll(ql(.lll

(]lllll. The lt_l'(,(,lll(,lll, is s(,(,ll to I)(, g()()(].

TABI,E II. A(:TIVATI()N V(iLUMt';S P()l{ SEI,F-

I)II,'I:[TSI()N ()F VA|tI()US METAI,S AT 1 ATM()S-

I)IIEItE (L,tI,('ItI,A'FI,]I) FII(iM ,QI'tTI(iN (1()_)

M(,lal

So(liuln

l)ho>l)h()ru..,

(_ ]li((,i

Ziil(' ( _L )

ZillC (I i)

.Mer[qu'y

(liquid)

(hdlillm

(liquid)

Silver in silver

chlorid(,

Silv( r in silvi,r

t)r,)nii(le

'rl,lll-

i)(q,a=

( iir[,, T>

o K

:li;:.l

311

5X(I

580

3O3

303

573

573

.ll('( i','al i()ll "c()hiliil') J I "_.

('[* ,."_-It I III

( !al('ll- I']xti(,riln(,nl nl
lal,ql

1'2. :_ 12.3 (ref. I)

71. 7 3().() (r(,f. I)

3. l) 1.9 (r('f. I )

g. 3 16.(.) (r('f. 1)

• 62 .57 (ref. 4)

• 67 .55 (r(.f. 16)

I 0, 3

13. 7

i4 -

q_,,r es)

. ..°o,,o.<,0.>
4
<1

f

)

g
-- 4

0 2000 4000 6000 8000

Pressure P kg/cm 2

iO,OO0 IZOO0

FliilrRl,: 4. Aelivitlion v()]lllli(, i)h)ll(,d -tgains( pr(,ssun,

for s(,lf-difl'usion of so(iilllli it( 362 ° I(.

('ONCI, USIONS

A lh.'ory wits (h,v(,h)l)i,d ttnil r(,htl(,s (lifl'usion

rll.l.es l( t,ti(_ st,ill(' of S{l'liili of t.]l(' lillll('rill.]. Fi,'k's

laws of difl'usion wer(, gi,n(,riiliz(,(I i() hi('lu(h, (hi,
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slrain. Th(, g_,ncraliz(,dequations (lilfm'frmn lhc

ordimlr.v diffusion equations in l hal the flux of

ditfusing nult(,rial is 1)rol)ortional to t(,rlns _.on-

lain]rig Ill(, strain gra(limlt as well as Io i(,rms

('onlainiNg lh(, com'cnlralion gradicnl. In ad-

d]lion, a moh,(.ular-ldm,ii_, lh(,ory was d_,vc,l()lWd
ihal r_.lat(,s the _lifl'usion co_,tli_.i_,nl to strain in

Ire'ms of Ill(, aloniic prol)eriics of the system.

Ttw _,tl'(,cl of dymmfic 1)lasl ic deformalion on t,hc

diffusion (.o_,ttiHcnl was inv_,stigah,d I)y cons]din'-

]rig Ill(' raic (>1'l)rodu(qion of vacan('i(,s I)y nioving

dislocalions and ltw ralc of precit)italions of

vacanci_,s at vacancy sinks. 'l'h(, r(,suliing _,(lmF
lion slales thai the diffusion ('o(,ftici(,nl is a lira,at

function of tim slrain rate.

S(,vcral pr(,di('tions thai can be ch('ck(,d 1)y

(,xisting (,xpm'im(,ntal data may tie mad(, froni the

l h(,ory:

I. I'or diffusion as a fmmlion of hydrostalic

lm'ssurc, lht, diffusion coctlici(mt is an exponcnlial
fun,qion (,f lh(, volunl,, strain.

2. The raic of (41ling(, of tit(, diffusion col,fli('imil
with strain is r(,hlt(,(I lo the int(,ratomic forces.

'l'ht, l'(,lation is ('xl)li('ii en(Hlgh that the varialion
()f the diffusion co_,tti('i(,nt with pressure can b_'

intt,rt)r(,t(,d in tin'ms of the int(,ratomic 1)otcniial-

(,n(,rgy fun('ti(ms of lhc malm'ial.

3. For diffusion mM(,r hy(h'_tstaiic l)r(,ssur_',
lhe aclivalion volmm, can bc ('ah:ulatcd from the

('olnl)rcssil)ilil.v and the rate of _'liange {d' ltw
diffusion ('o(,tli('icnl with volum(, slrain.

4. l)ynaJni(, plastic d(,formation in(,rcas(,s it.,

(lilrusion ral_,, lh(, ditl'usi(m (.ocflicimil b_,ing

linearly l'ehlted to tim strain ral_, at slca(ly state.
In cv(,rv cas(, for which data arc avai]abh,,

thes(, con(qusions arc in agr(,(,m(,nl with experi-
]lll_ll|.

The gmwral framework of lhe l hcory provid(,s

a basis for understan(ling lh(, (,ff(,(q of strain on

diffusion in l(,rms of ltu, moh, cuhir-kin(,tic prol)(_r-

lies of l[lO S)'S|PlII and should provido a valuallh_

1,)()] for COml)aring diffusion rates for (litf(,ri,nl
slates of strain, as w(,ll as for invcsligaiing lhe
m_,chanism of diffusion.

IA:A', IS ]{ESI,:AII('II (JI+iNTEtt

,_ ATIIINA1, A EI_,IINAI:TII'N A NIl _PAI']:, AIIMI NIS'rlIATIIIN
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